Objective: Previous studies have reported a considerable association between the VerifyNow (Accumetrics, San Diego, CA, USA) P2Y12 assay results and hematocrit. No reports, however, have described an association between the multiple electrode platelet aggregometry (MEA; Dynabyte, Munich, Germany) adenosine diphosphate (ADP) assay results and hematocrit. This study was conducted to evaluate the influence of hematocrit on the results of 2 different pointof-care platelet function tests. Methods: A total of 462 consecutive patients who were undergoing percutaneous coronary intervention were enrolled. Platelet function was evaluated with both the VerifyNow P2Y12 and MEA ADP assays. Results: Anemic patients (n5152, 32.9%) demonstrated a significantly higher rate of cardiac death, myocardial infarction, and stroke (5.3% vs. 2.3%, p50.046) during the follow-up (median: 18.8 months). Although the VerifyNow P2Y12 assay results demonstrated a significant inverse correlation with hematocrit (r520.409, p,0.001), there was no such correlation between the MEA ADP assay results and hematocrit (r50.039, p50.401). In the multivariate analysis, anemia was an independent predictor of high on-treatment platelet reactivity, defined as a VerifyNow P2Y12 reaction unit level of >252.5 (odds ratio52.21, 95% confidence interval51.39-3.52; p50.001). Importantly, this association was independent of an intrinsic change in platelet reactivity as measured by the MEA ADP assay. Adjusting for the influence of hematocrit improved the strength of the correlation between the VerifyNow P2Y12 and MEA ADP assay results.
Introduction
The VerifyNow (Accumetrics, San Diego, CA, USA) P2Y12 and multiple electrode platelet aggregometry (MEA; Dynabyte, Munich, Germany) adenosine diphosphate (ADP) assays are both point-of-care platelet function tests that evaluates the efficacy of ADP-receptor antagonists such as clopidogrel. A turbidimetricbased optical detection system is used for the VerifyNow assay and the principles of impedance aggregometry are applied in the MEA assay. [1] Several previous studies have reported a considerable association between the VerifyNow P2Y12 assay results and hematocrit level. [2] [3] [4] Toma et al. demonstrated that anemic patients had higher VerifyNow P2Y12 reaction unit (PRU) levels. [5] As anemia has been associated with adverse clinical outcomes in acute coronary syndrome patients, [6, 7] it is important to distinguish whether the observed association between the VerifyNow P2Y12 assay results and hematocrit is truly an in-vivo effect that represents an actual hematocrit-dependent intrinsic change in platelet reactivity or merely a laboratory artifact. A recent study reported that the effect of hematocrit on the VerifyNow P2Y12 assay results was just an in-vitro phenomenon that was independent of an intrinsic change in platelet reactivity. [2] However, there have been no reports to date whether the MEA ADP assay results are correlated with hematocrit. The aim of this study was to evaluate the influence of hematocrit on the results of 2 different point-of-care platelet function tests, the VerifyNow P2Y12 and MEA ADP assays, and to elucidate its clinical implication.
Methods

Patients
This study was a retrospective study and a precise description of the study cohort has been provided elsewhere. [8] Briefly, a total of 462 consecutive patients with coronary artery disease (CAD) and planned percutaneous coronary intervention (PCI) were recruited from Seoul National University Bundang Hospital between February 2010 and December 2011. Sample size calculation to establish a powered analysis was not performed since this study was not a randomized clinical trial. The protocols of this study were consistent with the ethical guidelines of the 1975 Helsinki Declaration. The institutional review board of Seoul National University Bundang Hospital ensured appropriate ethical & bioethical conduct and specifically approved this study (approval number: B-1404-246-105). Written informed consent was not obtained because this was a retrospective study.
Institutional review boards, however, has approved the waiver of written informed consent and patient records & information was anonymized and de-identified prior to the analysis.
Interventional procedures
Patients took daily 100 mg of aspirin and 75 mg of clopidogrel for at least 7 days before undergoing PCI. Loading doses of aspirin (300 mg) and clopidogrel (300 mg) were administered to patients who had not taken aspirin or clopidogrel. Most patients (98.3%, 454/462) underwent drug-eluting stent implantation. After PCI, aspirin and clopidogrel were administered for at least 6 months. Coronary angiography and PCI were performed in accordance with the current standard guidelines. Intravenous heparin was administered during PCI.
Blood sampling
For all patients, blood samples were collected before the initial PCI procedure. A complete blood cell count analysis was performed using Sysmex XE-2100 (Sysmex, Mundelein, IL, USA). In our study, anemia was defined as (i) hematocrit ,39% for men or (ii) hematocrit ,36% for women, according to the World Health Organization criteria. [7, 9, 10] 
Clinical outcomes
We compared the clinical outcomes according to the presence of anemia. For the analysis of clinical outcomes, the term ''major adverse cardiac events'' (MACE) was defined as a composite of cardiac death, myocardial infarction (MI), and stroke. The median follow-up duration was 18.8 months, and the follow-up loss rate was 1.3%. The cause of death was regarded as cardiovascular unless there was documented evidence of a clear non-cardiovascular cause. MI was defined according to published guidelines using universal definition. [11] Stroke was defined as a new focal neurologic deficit of vascular origin lasting for at least 24 hours that was proven to be non-hemorrhagic by either computed tomography or magnetic resonance imaging scanning.
Platelet function tests
The residual platelet reactivity after ADP-receptor antagonist treatment was measured with both the VerifyNow P2Y12 and MEA ADP assays. Blood samples were obtained from patients 1 day after the initial PCI procedure and were collected in Greiner Bio-One 3.2% citrate Vacuette tubes (Greiner Bio-One, Kremsmünster, Austria) for VerifyNow and in 4.5-mL plastic tubes containing the anticoagulant lepirudin (25 mg/mL, Refludan, hirudin blood collection tubes; Dynabyte) for MEA. The blood samples were kept at room temperature for at least 30 minutes before platelet function testing. Both tests were performed according to the manufacturers' instructions. The results of the VerifyNow P2Y12 and MEA ADP assays were quantified in PRU and units (10 aggregation units*min51 unit) respectively.
Statistical analysis
Statistical analysis was conducted using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Values are expressed as means ¡ standard deviations or medians with interquartile ranges as appropriate. For the statistical analysis, categorical variables were compared using the chi-square test or Fisher's exact test as appropriate. The Kolmogorov-Smirnov test was used to test the normal distribution of continuous data. Normally distributed variables were compared using the unpaired t-test and non-normally distributed variables were compared using the Mann-Whitney U test. Survival data were estimated according to the Kaplan-Meier method, and the differences between groups were compared with the log-rank test. Spearman's rank correlation coefficient (r) was used to perform a correlation analysis. Prior to the multivariate analysis, a univariate linear regression analysis was performed to compare the VerifyNow P2Y12 assay and the laboratory/clinical variables. Variables with p,0.1 in the univariate analysis were included in the multivariate model. The multivariate logistic regression analysis model was built to evaluate the effect of anemia on antiplatelet responsiveness. All significance tests were 2-tailed, and p values ,0.05 were considered to indicate statistical significance.
Results
Patient characteristics
The baseline clinical characteristics of the study patients are summarized in Table 1 . During the study period, a total of 462 CAD patients treated with PCI were enrolled. Of these, 70.3% were men and 19.7% of all patients presented with acute coronary syndrome. The mean hematocrit values were 40.91%¡4.27% in men and 36.35%¡3.63% in women. The results of the VerifyNow P2Y12 and MEA ADP assays were non-normally distributed (1 sample Kolmogorov-Smirnov test: p50.025, p,0.001 respectively). The median values were 232.00 (160.00-293.00) PRU for VerifyNow P2Y12 and 21.00 (15.00-31.00) units for MEA ADP. A PRU value of >252.5 has been identified as an optimal cutoff value for predicting post-discharge atherothrombotic events in Koreans. [12] According to this cutoff value, 187 (40.5%) patients had high on-treatment platelet reactivity (HTPR) after ADP-receptor antagonist treatment.
Based on the above-described criteria, 152 (32.9%) patients were classified as anemic. The baseline clinical characteristics of non-anemic and anemic patients are presented in Table 2 . Anemic patients were significantly older and had a lower body mass index than non-anemic patients. Women were more likely to be anemic. Anemic patients had a higher prevalence of diabetes mellitus and hypertension but a lower prevalence of smoking history.
Cardiovascular death, myocardial infarction, and stroke in anemic patients
Before exploring the relationship between the platelet function test results and hematocrit, we first evaluated whether anemia was associated with MACE. Anemic patients demonstrated a significantly higher incidence of MACE than non-anemic patients in a Kaplan-Meier analysis (5.3% vs. 2.3%; p50.046; Figure 1 ). Association between the platelet function test results and hematocrit
There was a significant inverse correlation between the PRU value and hematocrit (r520.409; p,0.001; Figure 2 -A). The MEA ADP assay results, however, did not correlate with hematocrit (r50.039; p50.401; Figure 2 -B). Anemic patients had a Figure 3 -B). Patients with HTPR (defined as a PRU >252.5) following ADP-receptor antagonist treatment had a significantly lower hematocrit level (37.68%¡4.33% vs. 40.83%¡4.32%; p,0.001; Figure S2 -A). By applying PRU value of other studies performed in western population (PRU >240.0), [13, 14] hematocrit level was still substantially lower in patients with HTPR (37.90%¡4.30% vs. 40.95%¡4.37%; p,0.001; Figure S2 -B). Hemoglobin level was also significantly lower in patients with HTPR ( Figure S3 ). We analyzed the scatter plots of the VerifyNow P2Y12 and MEA ADP assay results separately both in non-anemic and anemic patients (Figure 4) . According to the cut-off values defined in the previous study, (VerifyNow P2Y12>252. 5 [PRU], MEA ADP>46 [units]) [1, 12] we classified each patient into 4 groups. The overall distribution pattern of each patient was considerably different between the non-anemic and anemic patient groups. Importantly, the proportion of the gray zone (where there was a discordance between the 2 point-of-care platelet function tests) was significantly different between the non-anemic and anemic patient groups (32.0% vs. 48.3%; p50.001; Figure 4 ). The proportion of patients with VerifyNow P2Y12>252.5 (PRU) was 57.24% in anemic group compared to 32.36% in non-anemic group (p,0.001). There was no significant difference in the proportion of patients with MEA ADP>46 (units) between the two groups (11.84% vs. 9.03%; p50.337).
Multivariate analysis
In the multivariate analysis, anemia was independently associated with HTPR (odds ratio 
Impact of Anemia on Platelet Function Tests
Hematocrit-adjusted PRU and correlation between the 2 assays By performing both the VerifyNow P2Y12 and MEA ADP assays, we identified a moderate positive correlation between the results of the 2 tests (r50.338; p,0.001; Figure 5 -A) which was in accordance with the previous report. [15] Because the VerifyNow P2Y12 assay results correlated significantly with hematocrit, we explored the utility of adjusting the PRU value for the influence of hematocrit by developing a new variable, the hematocrit-adjusted PRU (HPRU). A correction coefficient (unstandardized regression coefficient) was calculated by conducting a univariate linear regression analysis between the VerifyNow P2Y12 assay results and hematocrit. These calculated correction coefficients were 27.24 PRU for every percent increase in hematocrit levels in men and 25.56 PRU in women. The HPRU value was obtained by subtracting or adding 7.24 PRU for every percent hematocrit below or above the average hematocrit level, respectively, in men. The HPRU value for women was calculated in an identical manner. After adjustment, no correlation was found between the HPRU value and hematocrit ( Figure S4 ). However, a significant correlation was found between the HPRU value and MEA ADP assay results (r50.388; p,0.001; Figure 5 -B) and the coefficient of correlation was slightly increased (0.338 to 0.388) by adjusting the PRU value for hematocrit.
Discussion
This study demonstrated that the VerifyNow P2Y12 assay result is significantly influenced by hematocrit, whereas the MEA ADP assay result is unaffected. A significant inverse correlation was observed between the PRU value and hematocrit, and anemic patients exhibited substantially higher PRU values than did non-anemic patients. Anemia was independently associated with HTPR (PRU>252.5) in the multivariate analysis model. Previous study has reported the relationship between hematocrit and VerifyNow & MEA assays stimulated with arachidonic acid. [16] We report herein the relationship between hematocrit and VerifyNow & MEA assays stimulated with ADP. To our knowledge, this is the first clinical study to simultaneously evaluate the effect of hematocrit on the results of both the VerifyNow P2Y12 and MEA ADP assays.
Different platelet function tests and their limitations
The VerifyNow and MEA assays differ from light transmission aggregometry (LTA), the gold standard, in that they use whole blood rather than platelet-rich plasma, thus eliminating the need for centrifugation. This advantage over LTA makes them to function as point-of-care assays.
[1] The MEA assay differs from the VerifyNow assay in that platelet aggregation occurs on a surface rather than in a liquid phase which is a process similar to in-vivo platelet aggregation, during which platelet adhesion and aggregation occur on a ruptured plaque or injured vessel wall. No platelet function test, however, has been found superior to the Association between the VerifyNow P2Y12 assay results and hematocrit: the mechanism
The observed inverse correlation between the PRU value and hematocrit might represent either a true in-vivo effect of hematocrit on platelet reactivity or a mere laboratory artifact. Previous report has suggested that HTPR in anemic patients is one of the mechanisms for increased atherothrombotic events in anemic patients.
[5] However, Kakouros et al. reported that the association between the PRU value and hematocrit was more likely an in-vitro phenomenon inherent to the assay. [2] Interestingly, in that article, hematocrit was independently associated with the PRU value in a multivariate analysis model, even after including LTA in the model to account for the ADP-receptor antagonist-induced change in intrinsic platelet reactivity. A similar result was noted in our study when the MEA ADP assay was included instead of LTA. If this association is indeed an in-vitro laboratory artifact, the hematocrit level should be seriously considered when interpreting VerifyNow P2Y12 assay results. The VerifyNow P2Y12 system measures platelet reactivity by calculating changes in the blood sample turbidity after stimulating platelet aggregation with ADP; specifically, the light transmission increases as the activated platelets aggregate. This instrument measures the change in the optical signal and reports the results in PRU. Although the exact algorithm used to calculate this PRU value is not known, we assume that the change in turbidity might be exaggerated in blood samples with few red blood cells because baseline turbidity is low in such samples, and, therefore, a small change in turbidity due to ADP stimulation might result in a great percentile change in the overall turbidity. On the other hand, in blood samples with abundant red blood cells, any ADP stimulation-related change in turbidity would not translate into a significant overall change in turbidity because the baseline turbidity is already high. The exact mechanism, however, has not been fully determined and requires further investigation.
Association between the VerifyNow P2Y12 assay results and hematocrit: the clinical implication A substantial proportion of patients who present with CAD are anemic (32.9% in this study). Furthermore, substantial proportion of anemic patients had HTPR according to PRU value but showed normal MEA ADP assay results in this study (47.0%; Figure 4 ). An unadjusted PRU value could possibly lead to treating anemic patients, who has high PRU values but normal in-vivo platelet reactivity, with unnecessary intensified antiplatelet regimens. The opposite scenario is also possible.
To date, no clinical trials have demonstrated an improved clinical outcome associated with individualized antiplatelet therapy according to platelet function tests. The ARCTIC, [17] GRAVITAS, [18] and TRIGGER-PCI [19] randomized trials were intended to evaluate the effects of intensified antiplatelet therapy in patients with HTPR as measured using the VerifyNow P2Y12 assay. All 3 trials have failed to prove an advantage of these intensified antiplatelet regimens. However, because the VerifyNow P2Y12 assay is hematocrit dependent and a substantial proportion of the patients presenting with CAD are anemic, the results of these studies might have been confounded by the influence of hematocrit. Adjusting for the effect of hematocrit or performing a simultaneous MEA ADP assay might better classify the patient group that would most benefit from an intensified antiplatelet regimen, a possibility that should be investigated in future clinical trials.
Limitations
The gold standard LTA was not performed in this study. However, we intended to compare the point-of-care platelet function tests that could be applied in actual clinical practice to provide rapid evaluations of residual platelet function. Relatively small number of patients is another limitation of this study and this study was not powered to assess the clinical outcome in relation to the presence of anemia. Finally, pharmacokinetic data to evaluate the correlation between platelet function test results and plasma concentration of clopidogrel active metabolite are not available.
Conclusions
Hematocrit level significantly influences the VerifyNow P2Y12 assay results, representing a presumed in-vitro artifact. Correlation between the VerifyNow P2Y12 and MEA ADP assays was improved by adjusting for the influence of hematocrit. Adjusting PRU for hematocrit or simultaneously performing the MEA ADP assay might help to better guide antiplatelet therapy. Figure S4 . Correlation analysis between the HPRU value and hematocrit. After adjusting for the influence of hematocrit, the association between the VerifyNow P2Y12 assay results and hematocrit was disappeared both in men (A) and women (B). HPRU: hematocrit-adjusted P2Y12 reaction units. doi:10.1371/journal.pone.0114053.s004 (TIF)
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